Abstract: Temperature cycling test is one of the key stages in the process of testing circuit packs in telecommunications. To obtain a good overall test schedule requires that the thermal test is carried out efficiently i.e. with the minimum number of runs and valid configurations of packs at each run. However, finding valid configurations and building them into a minimal thermal test schedule is a difficult combinatorial problem. Constraint Programming allows both a way of modelling the rules of configuration and formulating a model to derive an optimal number of runs. We describe this model and the results obtained from it for a large multi-national telecommunications manufacturer.
INTRODUCTION
Testing of circuit packs is a vital part of the telecommunications manufacturing process. Its importance is reflected in the cost and complexity of the equipment required and the time it takes to carry out all the necessary tests. Insufficient testing can result in considerable cost to the company in field repairs or recalls and also directly impacts its reputation in a highly visible way. Obtaining a good test schedule is characterised by high throughput and good resource utilisation satisfying the due dates on the packs.
The testing process goes through a set of fundamental steps common to many circuit packs; a physical testing where the integrity of solder joints and connections are checked, functional testing, where components on the pack are tested in terms 1 This work has received support from Science Foundation Ireland (Grants 00/PI.1/CO75 and 03/CE3/I405) and IDA Ireland of their individual specified behavior and system testing where a set of circuit packs making up a valid system is tested for behaviour between circuit packs. The extent of each of these is determined in advance by the test designer for each different pack. One particular type of test is the thermal system test which, as it suggests, brings packs together in a chamber and runs various data transfers between them under different temperature profiles. This is done to screen out packs with marginal reliability and those that would succumb to 'infant mortality'. This test takes a long time, typically 8 hours, with sets of packs being placed in a thermal chamber and individual tests repeated at different temperature levels.
It is also the most complex to set up and run since there are rules as to where each pack can be placed in the test chamber. As a consequence, this is a bottleneck activity and the key to an overall efficient schedule. If a good utilisation of the thermal chamber can be found, in terms of the number of times it is used in a week, then an efficient overall schedule can be more easily obtained.
A near identical telecommunications problem was presented by Egilmez et al [1996] and solved using an approach based on Petri Nets. The problem they tackled differs in the way the different valid configurations are specified. In their scenario, they are able to enumerate only nine possible system configurations. They are consequently able to consider also the wider problem of scheduling the other related test processes. It is the intention to extend the more complex model, presented here, in this direction. Certainly, the use of Constraint Programming for solving configuration problems is not new. Mailharro [1998] addresses the problem of configuring Programmable Logic Controllers within cabinets to achieve certain performance figures. Here the best configuration of parts is sought for a single time period and in terms of cost to purchase. The problem presented here involves several linked configuration instances and the objective is of minimising the number of these instances. The approach of Wright [1993] has been to develop a rule based system for choosing the right set of telecoms packs to satisfy customer requirements, in terms of performance and cost. Again it is a single configuration problem in the same industry. However the method of solving is different; with a rule based approach only a satisfactory solution is sought rather than an optimal one.
In section 2 we describe in detail the problem of scheduling the thermal system test at this facility. From this, we propose a model and present it in section 3, describing how the rules, constraints and objective are represented. Using this model we solve it using a Constraint Programming solver to obtain the smallest number of runs necessary to test all the circuit packs within that scheduling period. The results of which are produced in section 4. We finish the paper in section 5 by making conclusions on the approach and discuss future extensions and enhancements which open up.
THE PROBLEM
Circuit pack testing progresses from physical to functional, to system test, but at system test the continuous process becomes a batch operation, in which packs of different types come together in valid configurations to be tested as complete systems. However, only certain configurations of packs are valid and these are described by a set of configuration rules drawn up by the test designer. At each run we have a number of thermal chambers within which are located a number of bays containing shelves or racks. Within these shelves are a number of slots into which circuit packs can be placed. Each fully assembled configuration takes up one shelf in the thermal chamber. The composition of the various components types located within a test chamber is shown in Figure  1 .
The thermal test of circuit packs carried out through the transmission of data between the packs under different temperature profiles. The temperature profiles are determined by the level of reliability that the packs are being screened for and the field conditions they may be subject to. A discussion of the choices of tests and the models for circuit pack failure rates can be found in Kececioglu [1995] . In the work being presented here, we consider two thermal chambers, one having a wide temperature range and the other not. Consequently, this imposes an additional constraint on which packs should be in each chamber. Mostly the packs are identified as requiring one temperature profile or another. However, some packs are allowed to be in either to allow fewer runs.
Packs are identified by their function and by their mode of data transfer. This classification is used in defining the configuration rules. There is also the notion of families of packs indicating different capacities, but the same function. This is used in reporting the results. Configuration rules specify which packs can or need to be placed with other packs in the test environment in order for the right tests to be carried. Such is the complexity of the rules and the number of different types of packs, that it is a difficult process for the engineers on the test floor to mix and match the right packs from those that are waiting to be tested. Not only are there rules relating to what pack can physically go in which slot, there are also rules of compatibility within and between shelves from different bays.
The difficulty in practice arises through the circuit packs not arriving at the system test station in the right quantities to make valid configurations at each batch run. The reasons for this are, 1. the demand profile does not match a set of valid configurations and 2. the delivery of packs coming from the preceding functional test does not provide the best options of packs for scheduling. To overcome this mismatch, extra runs of the system test have to take place. In addition, since each shelf must be complete with packs making up a valid configuration, other packs (called standard packs) may have to be inserted to allow the test to take place. These standard packs are known to be good and can be reused across many test runs. With a limited number of possible runs during the scheduling horizon, we need to be able to start and finish the thermal tests as soon as possible. For this problem we assume that the requirement for the preceding tests to fit within the thermal test run schedule can be satisfied. An extension to this model could accommodate both manufacturing and test. For this problem, we assume the demand for each type of circuit pack is known and all packs are due to be completed within one week. We also assume a shift pattern with a maximum of 10 test runs available per week.
An example of the situation and how to plan better for it is now described. Consider that we have three types of pack A, B and C with demand quantities 2, 1 & 3 respectively. There are 3 slots available for each test run with slot 2 being available for A only and slots 1 and 3 suitable for either B or C. The configuration rules state that you need a type B and type C together to correctly carry out the test on pack A (you cannot have two B's or two C's). Consider now that the sequence of arrival of packs corresponding to each run start is described in Table 1 . A possible sequence of configurations and runs based on this sequence is shown in Table 2 . By inspection we can see that if we could bring forward a C pack from run 2 to run 1, possibly delaying one pack A, then we could achieve a better schedule, with fewer runs, as shown in Table 3 . Therefore the problem is to determine the minimum number runs possible and within each run, the configurations of circuit packs in the slots.
THE MODEL
The formulation chosen for this problem is to represent each slot in each run as a variable whose value is the type of pack it contains. We do not need to differentiate individual packs, nor do we need to differentiate the different types of standard pack. These can be derived easily by post-processing the solution. There are several other choices for the formulation. For example having the variables represent each circuit pack whose value is the slot run they are allocated. There is also a 0/1 formulation in which the decision variable is whether a particular type of pack is in a slot or not. The decision on formulation was based on how easy it was to express the constraints and the objective function. With this formulation, there are only 396 variables each having a domain of 36 values which is also a reasonably small size. The remainder of the model is built up as follows.
Constraints
Demand -we ensure that all the packs are tested within the time period. For this we use the cardinality constraint based on the demand for each pack.
Slot capacity -by having one variable per slot means that there can only be one pack placed in each slot.
Slot type constraints -only certain types of pack can be tested in each slot. Here we restrict the possible values to the slot variables.
Thermal profile constraints -each slot is associated with a particular chamber which has a thermal test profile configured for it. Therefore all those circuit packs requiring a different profile cannot be tested in this slot. The appropriate variables therefore have those packs removed.
Configuration Rules/Constraints -are expressed in terms of pack types and the slots/shelves they can or cannot be in. There is also the concept of companion shelves which correspond to pairs of shelves (which may be in different bays) which have been wired up to allow communication to be established between individual slots in the shelves. The following are some examples of the common types of rules encountered and their associated constraint representation.
1. Type A, B and C circuit packs cannot be mixed together within a single bay. Here we define a constraint between a set of slot variables, specifying the sets of incompatible values they can take.
2. Type A circuit packs must be tested in bays 1 and 2. Here we remove type A packs from the slot variables associated with the other bays (3-6). 
The Objective
The objective of minimising the number of runs can be addressed by creating a variable determining whether a run takes place or not. A conditional constraint ensures that if at least one slot on a run does not have a standard pack, then the run takes place. We will then minimise this variable.
The Search
For the search, we adopted an approach of trying to find solutions for an increasing number of runs. The first solution found is necessarily the optimal one. The search adopts a standard approach of selecting the variables with smallest domain first from the set of control slot, main slot and then functional slot variables
It is interesting to note that this problem almost decomposes into two parts. The company has dedicated one chamber to the higher temperature range and the other to the lower. If there were consequently two distinct sets of circuit packs, then each chamber could be configured and scheduled independently giving us two smaller problems to solve. However, mains packs can be tested under either temperature profile within quantity limits. In addition, any upstream scheduling will require both types of circuit packs to be considered together. Further, if the technology permitted it, we could also choose which temperature profile occurred at each run. The model could easily support this extension and in solving better utilisation of the chambers could be made, especially if demand was biased towards one temperature profile.
EXPERIMENTS AND RESULTS
We carried out experiments on two weekly demand patterns covering around 1050 circuit packs of 33 and 35 different types, using ILOG OPLStudio version 3.7. The elapsed time to find the optimal solution to this problem is around 20 seconds of which 17 seconds were taken up in reading and imposing the constraints. The results showed that for the first data set the number of runs required was the full amount of 10 runs. On inspection this was due to a high number of control packs. For the second problem only 8 runs were required. Figure 2 shows graphically the allocation of packs to slots across the runs. This is the format used by the engineers to evaluate the previous weeks test runs. The x axis represents sets of identically positioned slots from the 18 shelves in the chamber. The y axis represents the number of runs. The grey rectangles are actual packs, while the black areas in this figure are the standard packs. As we can see the minimum number of runs required is 7. This solution is mainly due to the demand for one type of circuit pack tested in slots E and G.
It is important to consider the context of this problem in respect to evaluating the solution. Historically, the chambers have been configured for a predicted demand of type A, B and C packs. Consequently, there are more slots available for one type rather than another. If this demand changes significantly, then extra runs have to be made. This is the case here, where slots E and F are heavily used compared to the others. This feature can indeed help to solve the problem of finding the minimum number of runs; if the dominant pack type can be identified in advance, a lower bound can be obtained on the number of runs. The solution also highlights the local view of the problem. Thermal test resides within a sequence of other tests. Therefore a solution in which the majority of packs are tested in the first two runs may be difficult to achieve in terms of upstream scheduling. The remedy is either to 'distribute' the packs more evenly over the minimum available runs or to introduce scheduling constraints. In the former case this could be achieved by a different search strategy or within the objective function. The latter involves introducing activities relating to the functional and physical tests as well. As a consequence, a third type of model (temporal scheduling) will be introduced. Within it, there will be constraints between the time at which the functional test for circuit packs happen and their system tests run.
The initial interaction with the company yielded only two test cases. Further experiments have been carried out with generated data; reflecting different demands. This led to a more level distribution of packs. Any difficulty in solving these problems is due to the size of the search space as there are many alternative slots to test the packs, as well as many symmetrical configurations. The problem is not tightly constrained, therefore, in cases where the minimum number of runs is just above a boundary, searching to prove infeasibility has been found to take a long time.
CONCLUSIONS AND FUTURE WORK
We have shown on a number of real cases that an optimal solution can be obtained in an acceptable time for weekly scheduling. The solutions compare well with the actual results by the manual scheduler. In fact the manual scheduler is probably doing a good job given the circuit packs which are presented to them before each run. However, having the packs arrive in a better order will allow him/her to achieve a better utilisation, with the assistance of the recommended configurations. There is still much scope for changes within each solution, both in the configurations chosen and when they occur. This means that greater understanding needs to be obtained on what value the scheduler puts on each of the possible solutions. For instance, once a minimum number of runs has been determined, a more even distribution of packs should allow the upstream scheduling to be easier. Indeed, a combined constraint model of physical, functional and thermal test will ensure that it is always possible to schedule the previous tests, while still optimising the use of the chambers.
We have also demonstrated a relationship between the rule-based description of the configurations and the corresponding constraints. The test design language can be translated into a language understood by configuration solvers and from this the test designer can see what affect the designs have on the schedule. For greater flexibility we need to understand how the actual facilities influence the schedule. The test chambers are commonly set up for one particular type of demand pattern and should this change, it is costly to redesign a new test layout. The model can also be extended easily to cater for reactive scheduling, whereby a change to the schedule happens and a way to recover from this is determined. Here we have a set of packs ready for thermal test and the remainder to be scheduled, as before. In this case, an additional constraint can be imposed that these packs should be tested in the next few runs.
Constraint Programming gives us this ability to model other test activities along the supply chain together with the configuration. We are not at this stage addressing the additional problem of whether standard packs are taken from stock or held over to be re-used from orders. That decision is made by the engineers and is important since it effectively delays a pack from delivery for 8 hours, at least. However, that can also be incorporated into the model and indeed can the cost of standard packs.
